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Introduction

Developmental CARP Solving with Genetic Programming

Capacitated Arc Routing Problem [3]:
logistics planning problem
vehicles need to visit certain streets which require some treatment [3]

Examples:
road gritting and salting [7, 8]

(Chinese) Postman Problem [9, 10]
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Introduction

Developmental CARP Solving with Genetic Programming

Capacitated Arc Routing Problem [3]

GP [4–6]. . .

Developmental Genotype-Phenotype Mapping:
build phenotype from genotype in an iterative process with feedback
from environment
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Problem Definition
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Problem Definition

Road network modeled as graph G = (V,E)

a list E ⊆ V × V of edges e (the streets) and
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Problem Definition

The depot is a special vertex:
all vehicles are located at the depot and need to return at the end
the depot holds unlimited amounts of “the product”
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Problem Definition

Traversing an edge costs time/money/gasoline
cost function C : E 7→ R
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Problem Definition

Some edges have a demand for “the product”
demand function R : E 7→ N0 (may be zero for some edges)
(only) edges with non-zero demand must be visited
each such edge’s demand must be satisfied in exactly one visit
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Problem Definition

Vehicle(s) have capacity limit L ∈ N1
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Problem Definition

Need solutions for graphs with directed and undirected edges:

represent undirected edges u = (vi, vj) as two directed edges
−−−−→
(vi, vj)

and
−−−−→
(vj , vi)
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
a tour t is a list of edges e ∈ E whose demand shall be satisfied
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
between these edges, minimum cost routing is assumed (using, e.g.,
Floyd’s Algorithm [12])
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
each tour starts and ends at the depot note v1 ∈ V
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)

L <
∑

∀e∈E

R(e) =⇒ multiple tours (or vehicles) needed
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)

L <
∑

∀e∈E

R(e) =⇒ multiple tours (or vehicles) needed

of course L ≥
∑

∀e∈t

R(e)

Developmental CARP Solving with GP, GECCO, 2012-07-10, Philly Thomas Weise · www.it-weise.de · tweise@ustc.edu.cn 13/35

http://www.it-weise.de/
mailto:tweise@ustc.edu.cn


Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
Phenotype x ≡ set of tours that satisfies all demands (exactly once)
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
Cost C(t) of tour t ≡ total traversal and routing costs
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)

Cost C(x) of solution x ≡ sum of all tour costs

(

∑

∀t∈x

C(t)

)
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Phenotypes & Objective

Valid solution = satisfies all edge demands (with 1 visit/demand)
Objective function f : X 7→ R

+ (subject to minimization): f(x) = C(x)
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Genotypes are significantly different from phenotypes
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Developmental Approach

Genotypes are significantly different from phenotypes

A non-trivial genotype-phenotype mapping translates between them

GPM uses information from
1 the genotype
2 feedback from simulations or the process of computing the objective

values
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Developmental Approach

Genotypes are significantly different from phenotypes

A non-trivial genotype-phenotype mapping translates between them

GPM uses information from
1 the genotype
2 feedback from simulations or the process of computing the objective

values

GPM builds phenotypes in an iterative manner [13, 14]
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Developmental Approach

Genotypes are significantly different from phenotypes

A non-trivial genotype-phenotype mapping translates between them

GPM uses information from
1 the genotype
2 feedback from simulations or the process of computing the objective

values

GPM builds phenotypes in an iterative manner [13, 14]

Here: Evolve selection criterion (genotype) for constructive

heuristic (GPM)
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Start with empty schedule x
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

1 each tour starts at the depot v1
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

2 pick an edge e⋆ from the set of unsatisfied edges

Developmental CARP Solving with GP, GECCO, 2012-07-10, Philly Thomas Weise · www.it-weise.de · tweise@ustc.edu.cn 16/35

http://www.it-weise.de/
mailto:tweise@ustc.edu.cn


Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

2 pick an edge e⋆ from the set of unsatisfied edges according to some

criterion g
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

3 move vehicle to the end of e⋆ and decrease remaining capacity in vehicle
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

4 repeat
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

4 repeat
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

4 repeat until chosen edge e⋆ cannot be satisfied because of capacity limit
L
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

5 add tour to phenotype and place vehicle back to depot
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

6 continue with a new tour
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Iteratively add tours t:

6 as long as there are unsatisfied demands, continue with a new tour
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Constructive Heuristic for CARP

Constructive heuristic for a CARP
Start with empty schedule x
Iteratively add tours t:

1 each tour starts at the depot v1
2 pick an edge e⋆ from the set of unsatisfied edges according to some

criterion g

3 move vehicle to the end of e⋆ and decrease remaining capacity in vehicle
4 repeat until chosen edge e⋆ cannot be satisfied because of capacity limit

L

5 add tour to phenotype and place vehicle back to depot
6 as long as there are unsatisfied demands, continue with a new tour
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Developmental GPM

Constructive heuristic is genotype-phenotype mapping
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Developmental GPM

Constructive heuristic is genotype-phenotype mapping

Use edge selection criterion g as genotypes
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Developmental GPM

Constructive heuristic is genotype-phenotype mapping

Use edge selection criterion g as genotypes

Let g be a function g : E 7→ R assigning heuristic values edges
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Developmental GPM

Constructive heuristic is genotype-phenotype mapping

Use edge selection criterion g as genotypes

Let g be a function g : E 7→ R assigning heuristic values edges

Edge with smallest heuristic value is added
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Developmental GPM

Constructive heuristic is genotype-phenotype mapping

Use edge selection criterion g as genotypes

Let g be a function g : E ∪ {e} 7→ R assigning heuristic values
edges

Edge with smallest heuristic value is added

Allow the heuristic to decide when to end a tour: artificial edge

e =
−−−−→
(v1, v1) representing visit to the depot
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Search Space

How to encode such a heuristic function?
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Search Space

How to encode such a heuristic function?

Mathematical functions
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Search Space

How to encode such a heuristic function?

Mathematical functions can well be represented as tree data
structures
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Search Space

How to encode such a heuristic function?

Mathematical functions can well be represented as tree data
structures and evolved with GP/Symbolic Regression [4, 15]
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Search Space

How to encode such a heuristic function?

Mathematical functions can well be represented as tree data
structures and evolved with GP/Symbolic Regression [4, 15]

Here: use GP to evolve the heuristic function
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Search Space

Functions g composed of basic (protected) mathematical operators
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a,b}
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a)
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a)
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a,b)
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)

normalized demand R(e) of edge
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

normalized remaining amount of the product in vehicle
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

cost(e)
normalized cost of servicing edge e ∈ E
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

cost(e)
normalized cost of servicing edge e ∈ E

if necessary, includes costs for trip back to depot
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

cost(e)
depotCost(e)

normalized costs to reach the depot from the end of e
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

cost(e)
depotCost(e)
satisfied

fraction of edges with non-zero demand that are already satisfied
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

cost(e)
depotCost(e)
satisfied

last(e)
heuristic value assigned to the edge e in the previous selection round
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Search Space

Functions g composed of basic (protected) mathematical operators:
a+b, a-b, a*b, a/b, max {a, b} , exp(a), sin(a), angle(a, b). . .

. . . and some special terminals:
demand(e)
load

cost(e)
depotCost(e)
satisfied

last(e)

=⇒ iterative building process with feedback from environment and
previous steps
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Genetic Programming

Optimization method: Genetic Programming [4–6]
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Genetic Programming

Ramped-half-and-half [4]
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Genetic Programming

Developmental genotype-phenotype mapping: from heuristic function
to schedule
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Genetic Programming

Objective function f : total cost of plan x
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Genetic Programming

Fitness: combine f with size of heuristic

v(g) = f(gpm(g))−
1

treeSize(g)
(1)
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Genetic Programming

(µ+ λ) population treatment (truncation selection, µ = λ = 48)
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Genetic Programming

sub-tree exchange crossover, sub-tree replacement mutation, and
mathematical simplification in proportion 2:5:2
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Genetic Programming

sub-tree exchange crossover, sub-tree replacement mutation, and
mathematical simplification in proportion 2:5:2

maximum tree depth: 10
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Genetic Programming

16 384 function evaluations (FEs)
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Genetic Programming

16 384 function evaluations (FEs)

Independent restart after 1536 FEs (32 generations) without
improvements

Developmental CARP Solving with GP, GECCO, 2012-07-10, Philly Thomas Weise · www.it-weise.de · tweise@ustc.edu.cn 21/35

http://www.it-weise.de/
mailto:tweise@ustc.edu.cn


Benchmarks

Experiments with 5 benchmark sets:
gdb [16],
val [17],
egl [18–20],
br-egl [21, 22], and
kshs [23]

30 runs for each benchmark
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
even more compared to lower bound. . .
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
even more compared to lower bound. . .

Reasons are
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
even more compared to lower bound. . .

Reasons are:
results obtained with RTS/MAENS are already global optima (or close to
them)
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
even more compared to lower bound. . .

Reasons are:
results obtained with RTS/MAENS are already global optima (or close to
them)
indirect encoding only represents subset of possible solutions [13]
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
even more compared to lower bound. . .

Reasons are:
results obtained with RTS/MAENS are already global optima (or close to
them)
indirect encoding only represents subset of possible solutions [13]

e.g., MAENS used 90 000 FEs [25]
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Results

Results are not as good as current best algorithms RTS [21] and
MAENS [24]:

often quite close
but up to 12% off compared to RTS/MAENS
even more compared to lower bound. . .

Reasons are:
results obtained with RTS/MAENS are already global optima (or close to
them)
indirect encoding only represents subset of possible solutions [13]

e.g., MAENS used 90 000 FEs [25]

So why even explore this method any further?
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Scalability?

Genotype size independent of problem instance size [13]
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Scalability?

Genotype size independent of problem instance size [13]

If problems get larger, results should not get too much worse. . . ? [13]
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Scalability?

Genotype size independent of problem instance size [13]

If problems get larger, results do not get too much worse.
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Genotype Reuse?

Can genotypes be used for seeding?

Developmental CARP Solving with GP, GECCO, 2012-07-10, Philly Thomas Weise · www.it-weise.de · tweise@ustc.edu.cn 25/35

http://www.it-weise.de/
mailto:tweise@ustc.edu.cn


Genotype Reuse?

Can genotypes be used for seeding?

Second set of experiments
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Genotype Reuse?

Can genotypes be used for seeding?

Second set of experiments:
setting GP⋆: identical to original configuration GP
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Second set of experiments:
setting GP⋆: identical to original configuration GP, but
seeded with best solutions found on some of the benchmarks

Developmental CARP Solving with GP, GECCO, 2012-07-10, Philly Thomas Weise · www.it-weise.de · tweise@ustc.edu.cn 25/35

http://www.it-weise.de/
mailto:tweise@ustc.edu.cn


Genotype Reuse?

Can genotypes be used for seeding?

Second set of experiments:
setting GP⋆: identical to original configuration GP, but
seeded with best solutions found on some of the benchmarks and
half as many FEs
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Genotype Reuse?

Can genotypes be used for seeding?

Second set of experiments:
setting GP⋆: identical to original configuration GP, but
seeded with best solutions found on some of the benchmarks and
half as many FEs

GP⋆ is almost always better than GP although much fewer FEs
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Genotype Reuse?

Genotypes can be used for seeding?

Second set of experiments:
setting GP⋆: identical to original configuration GP, but
seeded with best solutions found on some of the benchmarks and
half as many FEs

GP⋆ is almost always better than GP although much fewer FEs

Even on sets which are unseen (not used for seeding) and have
different scale (br-egl and kshs)
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Genotype Reuse?

Genotypes can be used for seeding?

Second set of experiments:
setting GP⋆: identical to original configuration GP, but
seeded with best solutions found on some of the benchmarks and
half as many FEs

GP⋆ is almost always better than GP although much fewer FEs

Even on sets which are unseen (not used for seeding) and have
different scale (br-egl and kshs)

Seeded runs with GP⋆ can solve problems much faster and with much
better quality than GP!
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Dynamic Scenarios?

Can genotypes be directly reused for other/modified/dynamic problem
instances? (⇒ Hyperheuristic [26, 27])
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Dynamic Scenarios?

Can genotypes be directly reused for other/modified/dynamic problem
instances? (⇒ Hyperheuristic [26, 27])

Third set of experiments
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Dynamic Scenarios?

Can genotypes be directly reused for other/modified/dynamic problem
instances? (⇒ Hyperheuristic [26, 27])

Third set of experiments:
test successful genotypes g on modified scenarios
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Dynamic Scenarios?

Can genotypes be directly reused for other/modified/dynamic problem
instances? (⇒ Hyperheuristic [26, 27])

Third set of experiments:
test successful genotypes g on modified scenarios and compare with 7
runs of GP⋆
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Dynamic Scenarios?

Can genotypes be directly reused for other/modified/dynamic problem
instances? (⇒ Hyperheuristic [26, 27])

Third set of experiments:
test successful genotypes g on modified scenarios and compare with 7
runs of GP⋆

derive several new scenarios from the two cases gdb10 (small scale)
and val7C (larger scale)

Developmental CARP Solving with GP, GECCO, 2012-07-10, Philly Thomas Weise · www.it-weise.de · tweise@ustc.edu.cn 26/35

http://www.it-weise.de/
mailto:tweise@ustc.edu.cn


Dynamic Scenarios?

Can genotypes be directly reused for other/modified/dynamic problem
instances? (⇒ Hyperheuristic [26, 27])

Third set of experiments:
test successful genotypes g on modified scenarios and compare with 7
runs of GP⋆

derive several new scenarios from the two cases gdb10 (small scale)
and val7C (larger scale)
with #del edges removed (for #del ∈ 1 . . . 7)
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Dynamic Scenarios?

Genotypes can be directly reused, but better do a fast re-adjustment
run with GP⋆.

25% quantile often 0 or close to 0. . . but median often ≥ 10%. . .
direct re-use of genotype fast, but not so good (overfitting, no
Hyperheuristic). . . better: a quick re-adjustment run with GP⋆
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solution quality degenerates slowly with problem scale
genotypes can be re-used for seeding and
can build solutions in dynamic scenarios (though not very efficient)

Disadvantanges:
not (yet) as good as best algorithms
GPM more complex than trivial mapping

Future/current work:
iterate whole GPM with information from previous iteration (done)
replace GP with MLP [28]/CMA-ES [29–31] (done)
extend method to other problems, e.g., TSP (done)
investigate other ways to utilize developmental mappings for logistic
planning (in progress)
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